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Cartilage lubrication and diarthroidal joint MechanoBiology 
R.L. Sah, W.C. McIlwraith, W.C. Bae, K.R. Gratz, B.L. Wong, J.M. 
Antonacci, T.A. Schmidt, B.L. Schumacher, M.M. Temple-Wong, 
United States of America 
Joint articulation involves the relative motion of apposing cartilage 
surfaces, during which cartilage endures loading in compression 
and shear. The resulting cartilage deformation may depend on the 
age and stage of degeneration of the tissue as well as the lubricating 
BCJMJUZ PG UIF TZOPWJBM ¿VJE 	4'
 PS JUT DPNQPOFOUT "QQMJFE TIFBS
strain can regulate chondrocyte metabolism, in turn, affecting 
cartilage matrix and SF components (and overall cartilage and joint 
health). To determine how cartilage deforms under applied loads 
over a variety of length and time scales, a video microscopy technique 
was developed to characterize the micro-scale deformation of 
cartilage in compression and shear.1 With two apposing normal 
cartilage surfaces, it was found that an applied axial load resulted 
JOBDPNQSFTTJWFTUSBJOUIBUXBTIJHIFS JOUIFTVQFS¾DJBM UIBOUIF
deep region. With superimposed axial and transverse loads, both 
the compressive and shear strains show a depth-dependence, being 
IJHIFSJOUIFTVQFS¾DJBMUIBOUIFEFFQSFHJPOT)PXFWFSJUJTBTZFU
unknown how the presence of a focal defect or the loss of surface 
integrity or lubricating properties of SF may affect the intra-tissue 
strain properties of articular cartilage.
Alterations in compressive and shear strains may also depend 
on the lubricating ability of SF. Loss of boundary lubrication or 
friction-induced tissue shear strains may result in cartilage wear or 
erosion. Lubricating molecules in SF include proteoglycan 4 (PRG4), 
hyaluronan (HA), and, possibly, surface-active phospholipids.2,3 
Using a novel cartilage-on-cartilage friction test system, the dose-
dependent boundary lubrication function of SF has recently been 
RVBOUJ¾FE BOE UIF JNQPSUBOU SPMFT PG 13( BOE )" IBWF CFFO
JEFOUJ¾FE)PXFWFSJOKVSZBOEBHFJOHQSFEJTQPTFBSUJDVMBSDBSUJMBHF
to deterioration. Such deterioration may be due, in part, to excessive 
MPBEJOHEF¾DJFOU MVCSJDBUJPOPSCPUI5IF MVCSJDBUJOHBCJMJUZPG4'
can be diminished in injury and disease,5 possibly due to altered 
concentrations of HA, PRG4, and/or SAPL.6-8
The objective of these studies was to determine 1) the effect of the 
loss of surface integrity and SF lubrication on intra-tissue strain 
between two sliding surfaces, 2) the effect of the presence of a focal 
defect on the intra-tissue strain and sliding between contacting 
surfaces, 3) the lubricating ability of SF from injured joints and the 
associated loss/alteration of lubricating molecules in post-injury 
SF, and 4) the effect of the number of loading cycles, decreasing 
concentration of SF lubricant, and age/degeneration on the in vitro 
wear of articulating cartilage.
Microscale Biomechanics of Articulating Cartilage. The effects of 
lubricant solution and surface integrity on the sliding behavior of 
apposed cartilage surfaces and the resulting intra-tissue strain were 
assessed. Analyses were performed on normal middle-aged and 
degenerate old-aged human osteochondral blocks. Cell nuclei were 
TUBJOFE¿VPSFTDFOUMZXJUIQSPQJEJVNJPEJEFJOQIPTQIBUFCVGGFSFE
TBMJOF	1#4
QSPUFJOBTFJOIJCJUPST	1*
5IFCMPDLTXFSFQMBDFEJO
BQQPTJUJPOBOEDPNQSFTTFEBYJBMMZ 	
8JUIPOFCMPDL¾YFEBU
the bone, the opposing block was displaced laterally at a constant 
displacement rate while being imaged microscopically, acting 
BT ¾EVDJBM NBSLFST XFSF BVUPNBUJDBMMZ USBDLFE CZ EJHJUBM JNBHF
correlation to assess deformation and determine shear strain. Tests 
XFSF¾STUDPOEVDUFEXJUI1#4MVCSJDBOUBOEUIFOSFQFBUFEXJUI4'
Microscale Biomechanics of Cartilage Containing a Defect. The 
effect of a focal defect on intra-tissue strains and sliding between 
contacting surfaces was assessed. The video microscopy technique 
was applied to macroscopically normal osteochondral blocks with 
¿BUBSUJDVMBSTVSGBDFTGSPNUIFGFNPSBMDPOEZMFTPGIVNBODBEBWFSJD
donors. A single, 4 mm wide, full-thickness defect was then created 
in one block from each sample pair, and the blocks were re-tested. 
$FMM OVDMFJXFSF ¿VPSFTDFOUMZ TUBJOFE BT EFTDSJCFE BCPWF #MPDLT
were compressed at 1%/s to 20% of the total cartilage thickness, and 
deformation was recorded by video microscopy. Static images were 
taken at several regions of interest directly prior to, and following, 
loading. Images of dynamic loading were acquired at the contacting 
surfaces (at the rim in the defect case). Stained nuclei were tracked 
to assess deformation, and calculate displacement gradients, 
Lagrangian strains, and sliding between the articular surfaces. 
Cartilage Lubrication by Post-Injury SF. The effect of injury on the 
lubrication properties of SF was assessed. Equine SF (eSF) was 
obtained during routine arthroscopic surgery of adult horses, and 
DMBTTJ¾FECBTFEPOUJNFUPUSFBUNFOUBTBDVUFJOKVSZ	"*
PSDISPOJD
injury (CI). Normal (NL) eSF was aspirated from contralateral joints. 
Portions of NL-eSF, AI-eSF, and CI-eSF samples were analyzed by 
biomechanical friction test for boundary lubrication function.9 For 
friction tests, osteochondral cylinders were bathed in lubricant 
solutions with added PI. Then, samples were pre-conditioned, 
compressed to 18%, allowed to stress-relax, and tested in the 
CPVOEBSZNPEF5IFLJOFUJDGSJDUJPODPFG¾DJFOU	BUFGGFDUJWFWFMPDJUZ
of 0.3 mm/s) was calculated from the measured torque and 
equilibrium axial load. Other portions were assayed by biochemical 
assays for the concentrations of putative lubricant molecules. In 
particular, samples were assayed for HA by ELISA,10 SAPL by an 
FO[ZNFBTTBZBOE13(CZ8FTUFSO#MPUVTJOH*H(TQFDJ¾DGPSUIF
C-terminal region. To determine if chemical restitution of the eSF 
SFTUPSFEMVCSJDBUJPOGVODUJPO"*F4'TBNQMFTEF¾DJFOUJOMVCSJDBUJPO
GVODUJPOXFSFTVQQMFNFOUFEXJUI)"	NHNMBT4VQBSU[®), and 
GSJDUJPO UFTUT XFSF QFSGPSNFE PO "*F4' "*F4')" BOE /-F4'
samples. 
Lubricant Protection Against Cartilage Wear. The wear properties of 
articulating cartilage was investigated. The effects of the number of 
loading cycles, decreasing concentration of SF lubricant, and age/
degeneration of the tissue on the wear of articulating cartilage was 
analyzed. Bovine osteochondral cores were tested for 8 hrs in bovine 
4'1*PS1#41*UPEFUFSNJOFUIFFGGFDUPGMPBEJOHDZDMFT5IFFGGFDU
of SF concentration was determined after testing bovine samples for 
ISTJO4'BUPSDPODFOUSBUJPOTJO1#41*5IFFGGFDU
of age/degeneration was determined by testing human samples 
with articular surfaces that were macroscopically normal or mildly 
EFHFOFSBUFGPSISTJO4'1*PS1#41*5IFMPBEJOHQSPUPDPMXBT
1 MPa compressive stress and ±360º of rotation (±15mm sliding) at 
1800 cycles/hr. The wear-induced decrease in cartilage thickness 
and loss of glycosaminoglycan (GAG) and collagen (COL) into the 
lubricant was determined. 
Microscale Biomechanics of Articulating Cartilage. Qualitatively, at 
the onset of lateral motion, cartilage surfaces adhered and tissue 
shear strain increased. With continued lateral motion, shear strain 
peaked just as surfaces detached and slid. Finally, with continuing 
lateral motion, the peak shear strain was maintained. For normal 
tissue in SF, steady-state shear strain was highest at the articular 
surface and diminished with depth, being ~0.05 overall for the 
full tissue thickness. For degenerate cartilage in SF, shear strains 
near the surface was increased markedly and localized there. The 
BCTFODF PG 4' MFE UP BO JODSFBTF 	
 JO TIFBS TUSBJO OFBS UIF
articular surface, and overall shear strain. 
Microscale Biomechanics of Cartilage Containing a Defect. When 
subjected to compression, intact blocks displayed typical, depth-
varying axial strain and relatively little sliding between the surfaces. 
In contrast, tissue adjacent to, and opposing, a focal defect 
experienced elevated strains. Axial compressive strain was higher at 
the defect rim and lateral tensile strain tended to develop along the 
surface adjacent to the rim. Tensile and shear strains also tended to 
increase in the surface regions opposing the defect rim. Strains were 
reduced in the region over the empty defect. Sliding of the opposing 
surface over the defect rim was induced at magnitudes proportional 
to the applied compression. 
$BSUJMBHF-VCSJDBUJPOCZ1PTU*OKVSZ4'5IFGSJDUJPODPFG¾DJFOUPG4'
was affected by joint injury, being highest for AI-eSF (higher than 
NL-eSF) and similar between CI-eSF and NL-eSF. The biochemical 
composition of SF varied with joint injury. Compared to NL-eSF, HA 
concentration was lower in AI-eSF and tended to be higher in CI-eSF. 
Compared to NL-eSF, SAPL concentration was markedly higher in 
AI-eSF and not CI-eSF. Western Blot of NL-eSF, AI-eSF, and CI-eSF 
TBNQMFTEFNPOTUSBUFE UIFQSFTFODFPGB TQFDJ¾D JNNVOPSFBDUJWF
IJHI.8NBDSPNPMFDVMFDPO¾SNFEUPCF13(CZQSPUFJOTFRVFODF
BOBMZTJT "EEJUJPOBM BOBMZTJT DPO¾SNFE TJHOJ¾DBOU EJGGFSFODFT JO
MVCSJDBUJPOGVODUJPO5IFGSJDUJPODPFG¾DJFOUTPG UIFF4'GSPNUISFF
PGUIFXPSTFBG¿JDUFE"*BOJNBMTXIJDIXBTBMNPTUEPVCMFUIBUPG
/-F4'XBTTJHOJ¾DBOUMZSFEVDFECZBEEJUJPOPG)"UPBWBMVFOFBS
that of NL-eSF samples. 
Lubricant Protection Against Cartilage Wear. After 8 hr of loading, the 
cartilage thickness decreased more in samples lubricated with PBS 
than with SF. Loading period increased, and SF lubricant decreased, 
the loss into the lubricant solution of GAG and COL. With decreasing 
concentrations of SF, wear increased as indicated by gross erosion, 
thickness decrease, GAG loss, and COL loss. Cartilage wear was also 
dependent on the tissue integrity. The thickness decrease, GAG 
loss, and COL loss were greater in DGN than NL samples, and when 
lubricated by PBS than SF. 
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Collectively, these studies assessed the load-bearing, low-friction, 
and wear-resistant biomechanical properties of articulating cartilage 
and the lubrication capabilities of SF. They provide insight into 
the mechanobiological mechanisms by which cartilage may fail 
to maintain its low-friction and low-wear properties during joint 
articulation. The presence of a focal defect, the loss of articular 
TVSGBDFJOUFHSJUZBOEUIFMPTTPG4'MVCSJDBUJPODBOFBDITJHOJ¾DBOUMZ
alter intra-tissue strain distributions. 
Excessive strains in cartilage may be detrimental for a number 
of reasons. Strains may exceed levels that are injurious to cells, 
causing their death,11 and they may also exceed levels that cause 
damage to the extracellular matrix.12 Even in the absence of acute 
damage, moderate increases in the local strains or sliding distances 
could contribute to accelerated cartilage fatigue and wear. 
4JHOJ¾DBOUBMUFSBUJPOTJO4'DPNQPTJUJPOBOEGVODUJPODBOMFBEUPQPPS
CPVOEBSZMVCSJDBUJPOBIJHIGSJDUJPODPFG¾DJFOUBOEFYDFTTJWFXFBS
5IFEFUSJNFOUBM¿VJEQSPQFSUJFTBGUFSBDVUFKPJOUJOKVSZNBZBMTPCF
present after cartilage repair. It may be the direct loss of boundary 
lubrication or the friction-induced tissue shear which contributes to 
the progression of cartilage wear. Biological or physical treatments 
to modulate lubrication may protect the articular cartilage from 
damage, as might a moderation of physical demands. 
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24.1
Quantitative cartilage MR imaging in cartilage repair and 
osteoarthritis
F. Eckstein, Austria 
Magnetic resonance imaging (MRI), radiological scoring systems, 
and quantitative image analysis technology have recently started 
to provide a wealth of new information on articular cartilage and 
other articular tissues under physiological and patho-physiological 
conditions. These techniques have been applied to the study of 
healthy joints and to those suffering from traumatic and degenerative 
disease. 
In the context of cartilage repair, MRI has also a high potential and 
can make the following contributions: 
a) help estimating the size, nature and location of lesions 
preoperatively, in order to optimize surgical planning 
b) evaluate the quality and success of tissue repair processes after 
surgical treatment. 
c) Monitor degenerative changes in the joint after cartilage repair, 
potentially in comparison to patients who have not been treated for 
similar cartilage lesions. 
ad a): MR sequences used for evaluating cartilage lesions and other 
articular tissues encompass T1-weighted spoiled gradient recalled 
acquisition at steady state (SPGR=spoiled gradient echo or FLASH 
= fast low angle shot) with fat suppression 1-5,5-9 or selective water 
excitation (we) 10, and fat-suppressed T2- or intermediate (IM) 
weighted fast spin echo (FSE) sequences 4,6,11-14. The advantage 
of SPGR/FLASH sequences is the high spatial resolution, but this 
is at the price of a relatively long acquisition time. Using a model 
PGBSUJ¾DJBMDBSUJMBHF MFTJPOT JOSBCCJU KPJOUT JUXBTTIPXOUIBU UIF
ability to detect small cartilage lesions critically depended on the 
spatial resolution of the imaging sequence, and that achieving a high 
SFTPMVUJPOKVTUJ¾FETPNFEFHSFFPGTBDSJ¾DFJO4/3BOEDPOUSBTUUP
noise ratios (CNR) 15. With IM- and T2-weighted sequences, however, 
the internal structure of the cartilage displays more heterogeneous 
signal and “internal” pathological changes may be more easily 
detectable. Moreover, cartilage surface lesions are well depicted 
with these sequences, because of the steep gradient of signal 
JOUFOTJUZCFUXFFO UIF DBSUJMBHFBOE UIF TZOPWJBM¿VJEQBSUJDVMBSMZ
when effusion is present. Other degenerative of traumatic changes of 
articular or periarticular tissues, such as bone marrow abnormalities, 
meniscal and ligament injuries and joint effusion are well visualized 
with fat-suppressed T2- or IM-weighted FSE images and non fat-
suppressed T1-weighted sequences; synovitis, however is usually 
most reliably visualized using contrast- (Gd-DTPA) enhanced 
sequences. 
Most scoring methods for articular cartilage lesions grade lesion 
severity from 0 - 3 or 4 based on subjective evaluations and commonly 
differentiate between cartilage lesions of less than 50% depth, more 
than 50% depth, and full thickness cartilage lesions. Peterfy et al. 
4 have described a comprehensive MRI scoring system (WORMS = 
whole-organ MRI scoring), in which numerous features (cartilage 
signal and morphology, subchondral bone marrow abnormalities, 
meniscal and ligmament changes, etc.) are graded within the knee. 
The inter-observer agreement among two trained readers was high 
	JOUSBDMBTTDPSSFMBUJPODPFG¾DJFOU> 0.98 for cartilage abnormalities 
and > 0.80 for most features, except for bone attrition and synovitis) 
using a 1.5 T whole body magnet. Another compartment based 
scoring system, termed knee osteoarthritis scoring system (KOSS) 
has also been published, with intraobserver reproducibility of 
0.76 to 0.96 (ICC) and interobserver reproducibility (intraclass 
DPSSFMBUJPODPFG¾DJFOU
BNPOHTUUXPJOEFQFOEFOUPCTFSWFSTPG
to 0.91 16. Some limitations of these scoring systems have recently 
CFFO JEFOUJ¾FE 17 when applying the WORMS grading systems 
to knees of 336 subjects (3 readers) and comparing these with a 
Rasch measurement model. The authors commented that adding 
up individual scoring subscales, as recommended by WORMS, is 
problematic, and that several subscales (in particular those for 
cartilage signal and morphology, and for osteophytes) may need to 
be redeveloped. 
4BUJTGBDUPSZ TQFDJ¾DJUZ BOE TFOTJUJWJUZ GPS EFUFDUJOH DIPOESBM
lesions has been demonstrated in knee specimens and in vivo with 
BSUISPTDPQJD WFSJ¾DBUJPO 1-3,10-12,18. Bredella et al. 13 reported the 
TFOTJUJWJUZPGBOETQFDJ¾UZPGJOEFUFDUJOHDIPOESBMMFTJPOT
versus athroscopy, when axial and coronal images were combined, 
and values of 94%/99% when images in all three planes were 
